Blue emission from porous silicon is realized that is stable and clearly visible to naked eyes even after two months' exposure in ambient air. The porous silicon is formed by the usual anodization with the aid of an oxidative metal but without any postanodization treatment. The origin of this photoluminescence is revealed and interpreted in terms of formation of interfacial oxide-related detects followed by passivation by oxygen. Since the observation of intense photoluminescence ͑PL͒ from porous silicon ͑PS͒ at room temperature, 1 various methods have been used to form efficient blue-emitting PS.
Experimental
The PS samples were prepared using 1-10 ⍀ cm p-type Si͑100͒ wafers by electrochemical etching at a constant density of 100 mA/cm 2 . Aluminum was sputtered onto the back side of the wafer for ohmic contact. The electrolyte was 20 vol % HF ͑50% by weight͒, 30% methanol, and 50% deionized ͑DI͒ water. An oxidative metal such as Zn or Fe was dissolved in the electrolyte solution in excessive amounts, typically 10 Ϫ3 mol/L, to saturation. The etching time was 5 min. After the anodization, the sample was rinsed in DI water and blow-dried by nitrogen.
The sample was analyzed by PL and transmittance Fourier transform infrared ͑FTIR͒ spectroscopies. The PL spectra were measured by the third harmonic of a Spectra-Physics Q switched Nd:YAG laser ͑wavelength 355 nm͒. The pulse width produced by this laser is about 7 ns and the energy of laser is 1-2 mJ/pulse. A 360 nm filter was used in the illumination. The PL was detected by a Hamamatsu photomultiplier tube ͑PMT͒ and the signals were then summed and averaged using a boxcar averager ͑Stanford Research Systems͒.
Results and Discussion
Ambient room temperature PL spectra of an as-prepared sample are shown in Fig. 1 that had been taken over a period of two months. The inset shows the peak intensity as a function of aging time in air. The intensity reduces to about 60% of the initial intensity in about 20 days but the intensity stays almost the same thereafter. The blue emission is very strong and visible to naked eyes even after two months in air. The spectrum is relatively sharp and the peak position is located at about 430 nm. The PL spectra of the aged sample do not show much change with time. However, the half-width gets smaller in the first twenty days but does not change much thereafter. To check whether the blue emission is related to carbon contamination, 9 the samples were rinsed in acetone for 1 h. However, the treatment did not degrade the luminescence. On the other hand, the luminescence quenched quickly when dipped in HF solution, which indicates that the blue emission is associated with oxiderelated defects. Figure 2 shows a deconvolution result of the PL spectrum of the as-prepared sample that was three days old, revealing that the spectrum consists of two Gaussian peaks. The first peak is located at 423 nm and the second at 489 nm. After 10 days' aging, the PL peak at 489 nm disappeared, and only the peak at 423 nm remained. The peak at 489 nm may be due to quantum confined nanostructure and therefore it disappeared after air exposure. On the other hand, the peak at 423 nm may result from oxide-related defects and therefore, it was very stable to ambient environment.
In order to investigate the nature of the blue emission, we checked the transmittance FTIR spectra of the freshly etched blue sample, which are shown in Fig. 3 . For the sample prepared with an oxidative metal such as Zn or Fe, the peak intensity of the Si-O-Si stretching is relatively larger than that of the sample without metal z E-mail: honghlee@plaza.snu.ac.kr Figure 1 . PL spectra of the blue-emitting PS fabricated by Zn-aided electrochemical etching. The inset shows normalized peak intensity as a function of aging time.
for the same solution composition ͑conventional PS͒. The peak of the antisymmetric stretching is split into two. It is noted that the integral intensity ratio of the AS 1 ͑ϳ1080 cm Ϫ1 ͒ to the AS 2 ͑ϳ1200 cm Ϫ1 ͒ peak of the antisymmetric stretching is larger for the metalaided PS compared with the conventional PS. This fact reveals that the amorphous level and strain in the film is larger 10 in the metalaided PS. In this amorphous-like structure, many oxide-related defects may form and they are passivated with oxygen when exposed to air.
The disappearance of the PL peak at 489 nm together with the FTIR result suggests that the blue emission could be from the oxide defects.
To test this hypothesis that the blue emission is due to the oxiderelated defects, we prepared defective silicon oxide film by oxygen plasma treatment. In the course of the plasma treatment, many oxygen-induced defects formed in the oxide film. The spectrum of the photoluminescence from this oxide film is shown in Fig. 4 . Although the PL intensity is very low, its peak and shape resemble those of the PL from the blue sample prepared by the metal-aided etching. In fact, the two spectra almost coincide as shown in the inset of Fig. 4 , when they are superimposed by normalization for comparison. This result reveals that the PL emission of the two samples originates from the same source, which is oxide defects.
Conclusions
Bright blue emission from PS is realized that is stable even after a long exposure to ambient air. There are indirect evidences that the porous silicon owes its stability and intensity of the blue emission to well-formed oxygen-related defects that are passivated by oxygen in air. The nature of the blue emission may be associated with the oxide-related defects, which has been confirmed by the PL spectrum of the defective oxide film treated by oxygen plasma. The inset shows that the spectrum from the blue-emitting PS almost coincides with that from the detective oxide film when normalized.
